The evolutionary expansion of CAG repeats in human triplet expansion disease genes is intriguing because of their deleterious phenotype. In the past, this expansion has been suggested to reflect a broad genomewide expansion of repeats, which would imply that mutational and evolutionary processes acting on repeats differ between species. Here, we tested this hypothesis by analyzing repeat-and flanking-sequence evolution in 28 repeat-containing genes that had been sequenced in humans and mice and by considering overall lengths and distributions of CAG repeats in the two species. We found no evidence that these repeats were longer in humans than in mice. We also found no evidence for preferential accumulation of CAG repeats in the human genome relative to mice from an analysis of the lengths of repeats identified in sequence databases. We then investigated whether sequence properties, such as base and amino acid composition and base substitution rates, showed any relationship to repeat evolution. We found that repeat-containing genes were enriched in certain amino acids, presumably as the result of selection, but that this did not reflect underlying biases in base composition. We also found that regions near repeats showed higher nonsynonymous substitution rates than the remainder of the gene and lower nonsynonymous rates in genes that contained a repeat in both the human and the mouse. Higher rates of nonsynonymous mutation in the neighborhood of repeats presumably reflect weaker purifying selection acting in these regions of the proteins, while the very low rate of nonsynonymous mutation in proteins containing a CAG repeat in both species presumably reflects a high level of purifying selection. Based on these observations, we propose that the mutational processes giving rise to polyglutamine repeats in human and murine proteins do not differ. Instead, we propose that the evolution of polyglutamine repeats in proteins results from an interplay between mutational processes and selection.
Introduction
Human triplet expansion diseases are predominantly neurological and are caused by instability and expansion of tandem repeats of triplet motifs within or near genes (reviewed in Rubinsztein 1999) . The largest class of these diseases results from the expansion of CAG repeats within exons. (Throughout this paper, codon repeats that occupy a particular reading frame are designated by underlining the base in the first codon position, e.g., CAG. Otherwise, repeats may be considered to be in any frame.) An intriguing feature of these diseasecausing repeats is that they have apparently undergone evolutionary expansion. Repeats in these genes are generally absent in rodent homologs, and comparative studies indicate an increase in repeat length during primate evolution, with humans generally having the longest repeats (Rubinsztein et al. 1994; 1995b; Djian, Hancock, and Chana 1996) .
Two explanations for these observations have been proposed. The first suggests that the evolutionary expansion of these repeats reflects their genomewide expansion along the primate lineage and especially in humans (Rubinsztein et al. 1995a ). The reality of such linThis is primarily because of the confounding effect of ascertainment bias (Ellegren, Primmer, and Sheldon 1995) , that is, the expectation that repeats isolated in one species will be longer than their homologs in other species as they have been isolated because of their polymorphic nature. Long repeats are more polymorphic than short repeats. Ascertainment bias confounds even the relatively well studied comparison between humans and chimpanzees, while evidence for such differences between humans and other primates is lacking, and indeed there is some evidence to the contrary (e.g., Morin et al. 1998) . There is also evidence for very long CAG repeats in mice (King et al. 1998) . A number of explanations have been suggested for the human-chimpanzee difference (Amos 1999; Rubinsztein, Amos, and Cooper 1999) , but these rely on characteristics of human and chimpanzee evolutionary history and therefore cannot provide an explanation for changes in repeat length over long periods of evolution.
The second possible explanation for the evolutionary expansion of CAG repeats in these genes is that forces or processes that are specific to individual genes and/or genomic locations act on particular genes in particular evolutionary lineages to give rise to locus-and lineage-specific expansions. One prominent candidate for such an influence is local base (and nucleotide motif) composition. Different isochores in mammalian genomes have different GC compositions, and genes within these regions show correlated base compositions, notably at third codon positions (Mouchiroud, Gautier, and Bernardi 1995) . Thus, genes within GC-rich isochores will tend to accumulate concentrations of codons with G and C at their third positions, which might act as seeds for replication slippage and predispose genes to accumulating codon repeats. In the extreme, such biases could even bias amino acid compositions of proteins, again predisposing genes to seeding of codon repeats (Nakachi et al. 1997; Nishizawa and Nishizawa 1998; Brock, Anderson, and Monckton 1999) . Brock, Anderson, and Monckton (1999) have even suggested that local base composition affects the frequency of indel mutations at CAG repeats. Another possibility is that of the effects of local mutation rate. Kruglyak et al. (1998) have suggested that the equilibrium length of microsatellites is a consequence of the balance between the rates of point and slippage mutation. Incorporation of point mutations into repeats reduces their rate of length change during evolution (Albà, Santibáñez-Koref, and Hancock 1999a) . If either or both of these parameters varied across a genome, this could affect the accumulation of tandem repeats. Finally, Djian, Hancock, and Chana (1996) have suggested that codon repeats in disease genes are flanked by regions with a relatively high frequency of acceptance of point mutations. Mutational instability of regions immediately flanking CA microsatellites has also been suggested by Brohede and Ellegren (1999) . High rates of sequence change could reflect a relatively low level of purifying selection in the vicinity of repeats. Selective forces could differ between genes and subregions of genes, depending on the phenotypic consequences of mutations in these different locations. These differences could affect the probability of tandem repeats arising, and, in particular, expanding, during evolution (Nishizawa, Nishizawa, and Kim 1999) . The recent demonstration for Saccharomyces cerevisiae that transcription factors and protein kinases are significantly overrepresented among proteins that contain polyglutamine repeats (Albà, Santibáñez-Koref, and Hancock 1999b ) also indicates a role for selective constraints in the evolution of these structures, although their functional significance remains unclear (Schmid and Tautz 1999) .
Here, we addressed the question of the forces giving rise to the evolutionary expansion of CAG repeats in triplet expansion disease and other genes by comparing the lengths of CAG repeats in humans and mice and by considering the base and codon compositions and rates of synonymous and nonsynonymous substitution in CAG repeat-containing genes. We found no evidence of a preferential accumulation of CAG repeats in the human genome relative to the mouse genome or of differences in the nature of the selection acting on genic positioning of CAG repeats in the two species. When we considered pairs of proteins that contained a CAG repeat in one species but not the other, we found no differences in the properties of surrounding sequences. However, we did find an overrepresentation, relative to the average amino acid usage in humans and mice, of the amino acids proline, glutamine, histidine, and serine, which may have given rise to biases in the gene sequences and predisposed them to accumulating repeats. We also observed locally high levels of nonsynonymous base substitution in the neighborhood of repeats in genes containing a repeat in only one species, but low levels in genes in which repeats were conserved between humans and mice. We combine these observations to propose a hypothesis to explain the evolution of these repeats.
Materials and Methods

Database Screening and Analysis
Genes containing repeats of five or more CAG codons in humans (Homo sapiens), mice (Mus musculus), or both were identified from a data set described previously (Albà, Santibáñez-Koref, and Hancock 1999a) . This data set was compiled by screening the human and mouse subsets of GenBank for proteins with tracts of six or more glutamines using BLASTP (Altschul et al. 1990 ) and eliminating redundancy in the data by running FASTA (Pearson and Lipman 1988) . Database entries were obtained using ENTREZ at the National Center for Biotechnology Information, Bethesda, Md. (http:// www.ncbi.nlm.nih.gov/entrez/). Sequences with 95% identity were considered redundant, and only one representative was used in subsequent analysis. Discrepancies in the lengths of polyglutamine tracts in nearly identical sequences were resolved by taking the sequence with the longest tract. BLASTP was then used to identify homologous sequences from the other species, and sequence similarity was confirmed using the GCG program PILEUP (Genetics Computer Group 1997) . Members of this data set that contained CAG repeats of length 5 or greater in at least one species were then identified and classified into three groups: genes containing a CAG repeat in both humans and mice (group B); genes containing repeats in humans but not in mice (group H); and genes containing a CAG repeat in mice but not in humans (group M).
For comparative analysis of database sequences containing CAG repeats of length 7 or more, the GenBank and EMBL DNA databases, including EST and STS subgroups, were analyzed using routines from the GCG package, version 9.1 (Genetics Computer Group 1997), unless otherwise noted. The databases were searched using the pattern recognition routine FINDPATTERNS. Entries showing Ͼ95% identity to one another upon multiple sequence alignments using PILEUP (Genetics Computer Group 1997), CLUSTAL W (Thompson, Higgins, and Gibson 1994) , version 1.7, and FASTA (Pearson and Lipman 1988) were considered to represent the same sequence and grouped together. This allowed for sequencing errors without grouping members of gene families together as single loci. The sequence with the longest array was again taken as the representative from each of these groups. Database entries were again obtained using ENTREZ. The genic locations of repeats were identified using sequence annotations where these were available.
Sequence Analysis Methods
Tandem codon arrays of length Ն5 were identified using ARRAYFINDER (Hancock et al. 1999) . A modified version of ARRAYFINDER (PROTARRAY) allowed identification of all amino acid tandem repeats of this length. cDNA codon frequencies were calculated using the GCG program CODONFREQUENCY (Genetics Computer Group 1997). These frequencies were used to calculate overall and third-codon-position base compositions using a commercially available spreadsheet, which was also used to carry out most statistical tests. Other statistical tests were carried out using the SPSS package and the VassarStats web server (http:// faculty.vassar.edu/ϳlowry/VassarStats.html). Significance thresholds were subjected to Bonferroni adjustment to take into account multiple testing. Significance values quoted in the text are also Bonferroni-adjusted. Expected amino acid frequencies in cDNAs were calculated on the basis of overall codon frequency tables for mice and humans obtained from the CUTG database server (Nakamura, Gojobori, and Ikemura 2000) at http: //www.kazusa.or.jp/codon/. To calculate synonymous and nonsynonymous DNA sequence divergences (K s and K a ), sequence pairs were aligned using the LaserGene program MEGALIGN (DNASTAR, Madison, Wis.). Alignments were calculated by translating cDNAs into protein sequences and using the method of Hein (1990) , which coped better with sequences of unequal length than the Clustal algorithm (Higgins and Sharp 1989) as implemented in MEGALIGN. K s and K a for sequence pairs were calculated using MEGA, version 1.01 (Kumar, Tamura, and Nei 1993) using the Jukes-Cantor correction for saturation (Jukes and Cantor 1969) . We excluded all repetitive regions from the analysis. Regions to be excluded were initially identified by length difference between species (i.e., presence of an indel in the alignment). The limits of the repeat region were then defined by extending the repeat as far as the last codon adjacent to the repeat that was identical in two out of three positions to the tandemly repeated codon in either species. This excluded not only CAG repeats, but also all other length-varying codon repeats.
Results
Repeat Evolution
We identified 28 genes for which complete cDNA sequences were available for both mice and humans and which contained a (CAG) Ն5 array in at least one species (table 1) . Of these genes, 10 contained a CAG array in both species (B genes), 10 (of which 5 were human triplet expansion disease genes) contained a CAG array in the human sequence only (H genes), and 8 contained a CAG array in the mouse sequence only (M genes) (table 1). Thirty-one CAG arrays were identified in 20 human cDNAs, and 31 were identified in 18 mouse cDNAs. Mean CAG repeat lengths were 8.4 for humans and 8.0 for mice. The length distributions were not significantly different (P ϭ 0.73, two-tailed Mann-Whitney U test). Group M genes might be expected to reveal any bias in CAG repeat length between humans and mice, as they contain repeats in both species, but no significant difference was detected in these genes (Wilcoxon signed-ranks test, P Ͼ 0.05, N ϭ 14, two-tailed test). Thus, we found no evidence of a difference in CAG repeat length between humans and mice in this data set.
We also screened these sequences for amino acid repeats in the conceptual translation, as amino acid repeats are frequently encoded by mixtures of synonymous codons (Albà, Santibáñez-Koref, and Hancock 1999a, 1999b) (table 1) . Thirty-seven of 81 amino acid repeats of length Ն5 in human proteins were of glutamine, compared with 47 of 82 repeats in mouse proteins. Mean lengths for these repeats were 12.7 for humans and 10.6 for mice (difference not significant, P ϭ 0.50, two-tailed Mann-Whitney U test). Within group B, glutamine repeats were significantly longer in humans than in mice (Wilcoxon signed-ranks test, P Ͻ 0.05, N ϭ 17, two-tailed test). The most common other classes of repeats were those of proline (12 in humans, 10 in mice), glycine (9 in humans, 7 in mice), and glutamic acid (7 in humans, 5 in mice). The higher proportion of glutamine repeats with respect to others in the mouse proteins was not significant (P Ͼ 0.05, chi-square, df ϭ 1). We therefore found the relative tendencies for proteins to accumulate Gln versus other amino acid repeats to be similar in mice and humans. We also found that Gln repeats accumulating in human proteins tended to be longer than those in mouse proteins in group B. This tendency was not observed for the other gene groups.
To further investigate whether the lengths of human and mouse CAG repeats differed, we screened databases for tandem CAG repeats of length Ͼ7 in the two species. We identified all repeats, irrespective of their locations within genes, and did not restrict our search to pairs of homologous sequences. Mean lengths (in base pairs) for these repeats were 29.06 (median 27, N ϭ 205) for humans and 36.05 (median 33, N ϭ 63) for mice. The length distributions were significantly different (P Ͻ 0.001, Mann-Whitney U test), with mice tending to have longer CAG repeats than humans. We therefore found no bias toward longer CAG repeats in humans versus mice at the whole-genome level and, indeed, found evidence of the opposite bias.
There is no a priori reason to expect tandem repeats of CAG to lie in any particular reading frame of an exon unless selection has constrained the reading frames in which these repeats have been able to expand. Frame specificity of this kind has been reported previously (Stallings 1994) . To test for any global difference in this pattern (and therefore in the selection causing it) between humans and mice, we investigated the locations of the identified repeats that lay within adequately annotated database sequences (table 2) . CAG repeats were preferentially found in the reading frame encoding glutamine (reading frame 1 in table 2) in both humans and mice (P Ͻ 0.0001 for mice, humans, and overall; chisquare against an even distribution in all six reading frames, df ϭ 5). There was no significant difference in repeat distribution between species (chi-square test for inhomogeneity in the 2 ϫ 9 contingency table; P Ͼ 0.05; df ϭ 8). Thus, there appear to be no strong differences in the selective forces acting on the locations of CAG repeats in the human and mouse genomes.
The results described in this section indicate no significantly greater length of CAG repeats in the human genome with respect to that of the mouse or in human , 17, 10, 6, 5, 15 7, 6, 9 5, 19, 6, 5 6 12, 5, 17, 5, 5, 10, 6, 5, 5, 5, 15 7, 6, 10 a Names are according to EMBL database entries. Where names differ between species, the human name is given first. Groups to which the different genes were allocated are given on the left. Genes belonging to the subgroup D are indicated by a D in parentheses. Groups were defined as follows: group B contains CAG repeats of length Tandem repeats of Ն5 CAG or CAA codons; identified using ARRAYFINDER (Hancock et al. 1999) . CAA codon repeats are given in parentheses.
c Tandem repeats of Ն5 glutamines; identified using modified version of ARRAYFINDER (Hancock et al. 1999) . NOTE.-Gene groups are as in table 1. GC ϭ overall proportion of G ϩ C. GC3 ϭ proportion of G ϩ C at third codon positions. Values significantly higher than the expected value after correction for multiple testing are in bold.
proteins, and, indeed, the opposite appears to be the case. We did, however, observe a significant tendency for glutamine repeats to be longer in human group B proteins than in the homologous mouse proteins.
Base, Codon, and Amino Acid Composition As base composition has been proposed to be an important factor in driving CAG repeat evolution (Brock, Anderson, and Monckton 1999) , we attempted to identify common sequence properties of genes containing disease-causing CAG repeats and consistent changes in homologs containing repeats relative to homologs not containing repeats by analyzing the base compositions of the cDNA sequences for the 28 gene pairs. For both mouse and human homologs and for all gene groups, GϩC compositions were on average higher than expected compositions calculated from the CUTG table of codon frequencies (table 3). The overall mean GϩC composition (i.e., for groups B, M, and H pooled) deviated significantly from expectation in mice and humans (P Ͻ 0.05; two-tailed t-test). Third-codon-position base compositions were also higher than expected for all groups, but the pooled difference did not approach significance. Interspecies differences in base composition were not statistically significant. Thus, we found a generally high GϩC content in the set of genes in both species, even when the gene did not contain a repeat.
High GC compositions could result from mutational bias at third codon positions, for example, due to the isochore location of the gene in question, or they could reflect the amino acid composition of the encoded proteins (Nakachi et al. 1997; Nishizawa and Nishizawa 1998) . To test for a relationship between base composition and amino acid composition, we first tested for significant differences in amino acid composition from expected compositions (based on overall species codon frequencies) in our set of proteins. We did this by calculating chi-square values for the pooled amino acid compositions of groups H, M, and B. As we could not expect these goodness-of-fit values to follow the chisquare distribution a priori because of possible inhomogeneity in the set of all proteins, significance (i.e., the probability of randomly drawing a group of 8 or 10 proteins with the calculated goodness-of-fit value or lower from the set of proteins encoded by the human or mouse genome) was estimated by extracting a set of 18,554 proteins from the CUTG codon usage database with sizes of between 205 and 3,727 amino acids (the size range of our sample of repeat-containing proteins). These proteins were then grouped randomly into groups of 8 or 10, and goodness-of-fit values for amino acid composition were calculated for each group. A total of 185,470 groups of size 8 and 185,450 groups of size 10 were analyzed. Values corresponding to appropriate Bonferroni-adjusted (n ϭ 3) significance levels were estimated. Groups B and H showed significant deviation from average amino acid composition (P Ͻ 0.01), whereas group M did not (P Ͼ 0.05). The scores achieved by the group M proteins in the two species would only have achieved significance for a group of size 30 or larger.
As these analyses indicated significantly biased amino acid compositions, at least for groups B and H, we then calculated the relative representations of amino acids within the 28 proteins, again calculating expectations based on species codon frequencies (table 4). Significances of the observed/expected (O/E) values so calculated were estimated using the same set of sequences as above, calculating O/E values for the same numbers of random groups of 8 or 10 proteins. Confidence levels were estimated for each amino acid separately after adjusting for multiple tests. In both human and mouse data sets, four amino acids (Gln, Pro, His, and Ser) showed a significant overall excess (P Ͻ 0.05) and showed an excess in all three groups.
Finally, we investigated whether the observed base compositions of these genes could be explained solely on the basis of their amino acid compositions and average genomic codon usage or whether there was an excess of GC-richness that might be due to codon usage bias. This was done by calculating expected base compositions for proteins given their amino acid compositions and the CUTG synonymous codon usages (table  5) . Amino acid composition and global genomic codon usage alone could account for the base compositions of these genes. We conclude that the biased base compositions of these genes are due to their unusual amino acid contents rather than any bias in base composition at synonymous codon sites.
Substitution Rate
The accumulation of CAG repeats in genes might be related to the accumulation of base substitutions in the gene for two reasons. First, purifying selection could constrain the accumulation of repeats such that proteins or protein regions under higher levels of purifying selection would accumulate repeats more slowly than regions under weaker purifying selection, if at all. Second, Kruglyak et al. (1998) have suggested that regions undergoing a relatively higher rate of mutation should accumulate repeats more slowly because repeats in such regions are more likely to incorporate interrupting bases. To a first approximation, K s for a pair of sequences can be taken as an estimator of the mutation rate, while K a can act as an estimator of the strength of selection acting on individual genes, although the two values tend to be correlated (Graur 1985; Ticher and Graur 1989) . Mean whole-gene (excluding repeat) K s and K a values for each group are presented in table 6. Mean values of both were lower for genes of group B than for those of groups H and M. The differences between group B and the pooled groups H and M were significant for K a (P Ͻ 0.001; Mann-Whitney U test) but not for K s (P Ͼ 0.05).
To investigate whether repeats appear in regions of high mutation rate or low selection relative to the remainder of the protein in which they are located (Djian, Hancock, and Chana 1996) , K s and K a values were also calculated for regions of arbitrary length 33 codons upstream and downstream of the repeat (table 7) . The positions of exon/intron boundaries were not taken into account in this analysis, as they are not known for many of the cDNAs analyzed. However, regions analyzed were truncated at the N-or the C-terminal end of the encoded protein where applicable, or if they overlapped with another tandem repeat (defined as in Materials and NOTE.-Gene names are as in table 1. N ϭ Number of occasions on which the value in the Near column is greater than that in the Dist column, or vice versa, for either K s or K a . Counts are shown for Group B and for Group H ϩ M separately. Ratios that deviate significantly from 1:1 (P Ͻ 0.05) by the sign test are shown in bold.
a K s for a region 33 amino acids either side of the longest CAG repeat. b K s for the entire sequence excluding the repeat and flanking region. The larger of K s (All) and K s (Near) is given in bold.
c K a for a region 33 amino acids either side of the longest CAG repeat. d K a for the entire sequence excluding the repeat and flanking region.
Methods). The pooled group H and M genes had a significant tendency to show lower K a values near the repeat. This was not so for group B genes or for K s in any of the gene groups or overall. This indicates that selection is weaker in the vicinity of repeats in group H and M genes, while this is not the case in group B genes. It also indicates that mutation rates do not differ between the vicinity of repeats and more distant parts of genes. Substitution rates could be affected by the GC-richness of the sequences, as sequences under pressure to adopt an extreme base composition are unable to accept many substitutions. However, we observed no significant correlations between K a or K s and overall or thirdcodon-position base composition (see also Matassi, Sharp, and Gautier 1999) .
If a low K a value is indicative of relatively strong selection acting on a protein, this might also influence the rate of change of the lengths of repeat regions. We therefore investigated the relationship between K a and the difference in the length of the longest CAG repeat present in each gene, irrespective of the species in which it was found. K a correlated positively and significantly with this difference (r ϭ 0.420, P Ͻ 0.05).
In summary, these results indicate an association of new repeats with regions of high K a (corresponding to regions of low purifying selection) and no association with regions of high K s (corresponding to a high local mutation rate).
Discussion
We looked for evidence that would support the involvement of various forces in the evolutionary expansion of CAG repeats in human (and murine) genes. We first investigated the possibility of a general accumulation of CAG repeats in the human genome but not in other lineages. We found no evidence for preferential accumulation or expansion of CAG repeats in the human genome relative to that of the mouse by comparing either the numbers of genes in the public databases containing CAG repeats in either species, the lengths of the CAG repeats they contain, or the overall length distributions of anonymous CAG repeats in the databases. The latter analysis indicated longer CAG repeats in the mouse than in the human genome. We found no evidence of any difference in the distribution of CAG repeats within coding regions between the species. While these analyses were subject to biases because of numerous screens for long CAG repeats associated with disease (Riggins et al. 1992; Li et al. 1993; Abbott and Chambers 1994; Jiang et al. 1995; Aoki et al. 1996; Chambers and Abbott 1996; Neri et al. 1996; Bulle et al. 1997; Kim et al. 1997; Margolis et al. 1997; Reddy et al. 1997; Albanese et al. 1998; Pawlak et al. 1998; Zuhlke et al. 1999) , given the emphasis that has been placed on searches for human sequences of this type, it is unlikely that the databases are more biased toward long repeats in mice.
Our data also do not support the suggestion that local base composition has driven the accumulation of repeats within the 28 pairs of homologous repeat-containing genes we considered (Jurka and Pethiyagoda 1995; Nakachi et al. 1997; Nishizawa and Nishizawa 1998; Brock, Anderson, and Monckton 1999) . Although we found higher GC and GC3 contents than expected for all of the gene groups studied here, this reflected solely the biased amino acid compositions of the gene products and was not the result of any preferential use of synonymous codons with GC-rich third positions, as would be expected if mutation toward a biased base composition were the force driving the observed biases. We also did not find any difference in base composition between genes containing repeats and genes not containing repeats, which would be expected if changes in base composition drove repeat evolution.
Finally, we found no relationship between mutation rate, as indicated by the synonymous substitution rate, and the emergence of repeats during evolution. This is not consistent with a model whereby repeat evolution in a genomic locality reflects the balance between point and slippage mutation rates there (Kruglak et al. 1998) . However, there is evidence that substitution rates in re-gions flanking CA microsatellites correlate inversely with repeat length in a larger data set (unpublished data). It is therefore possible that effects of this kind also contribute to the evolution of CAG repeats in genes but that these effects are relatively weak in this data set and/or could not be detected here because of the data set's relatively small size and the correlation between K a and K s .
We found three strong patterns in our data set: overrepresentations of certain amino acids, differences in the nonsynonymous substitution rates observed in group B genes compared with group H and M genes, and elevated nonsynonymous substitution rates in the vicinity of repeats in group H and M genes. At the level of amino acid composition, we observed significant overrepresentation of four amino acids, Gln, Pro, Ser, and His, in all genes studied. Along with Gln repeats, we also observed numerous Pro repeats in these proteins. It is likely that the biased amino acid compositions of these genes reflect in some way functional selection on these genes. As these amino acid composition biases are similar in human and mouse proteins, this selection must have taken place before the divergence of the two lineages, one of the most ancient eutherian divergences. The shared overrepresentation of these amino acids between species also indicates that changes in amino acid bias have not driven repeat accumulation. However, the biased amino acid compositions of repeat-containing proteins indicate that such bias might provide a breeding ground for new repeats because new repeats contain an unusual concentration of Gln codons and related codons such as CCG (Pro). The preference for polyglutamine repeats to occur in proteins with these amino acid composition biases could therefore reflect either selection favoring polyglutamine repeats in these proteins as part of a selection for a high Gln content, preferential seeding of CAG repeats in genes with high concentrations of Gln and high GC-content, or both.
We also found a significant difference in overall K a (but not K s ) between group B proteins and other proteins and a significant bias toward higher K a (but not K s ) near the Gln repeat in group HϩM but not group B proteins. The K a values for regions flanking repeats in group HϩM genes were twice the average for human-mouse sequence pairs calculated by Makalowski and Boguski (1998) , 0.201 compared with 0.090, consistent with our suggestion of high rates of sequence change near disease-causing repeats (Djian, Hancock, and Chana 1996) , although this difference was not significant (MannWhitney U test). These observations indicate that there have been considerably larger differences in strength of selection than in mutation rate in these proteins. If a high K a value indicates a low level of purifying selection, polyglutamine repeats in proteins in groups H and M could have evolved as effectively neutral structures in a low-purifying-selection environment. Repeats in the group B genes, on the other hand, may have been conserved in a high-purifying-selection environment. The significant correlation between K a and CAG length difference between species is consistent with this.
The stronger purifying selection acting on the polyglutamine repeats in group B proteins is also consistent with the observation of a significant difference in the lengths of polyglutamine repeats of humans and mice in these genes: there may be differences in the strength or type of selection acting on these repeats between the two species. This, in turn, may reflect in some way the functions of these structures in the two species. However, this difference in repeat length appears to be a special property of genes that have a repeat in both species, as lengths of CAG repeats did not show any evidence of significant difference between species overall. This difference would therefore not appear to be relevant to neutrally evolving repeats, such as those found in the human disease genes.
Whether or not polyglutamine repeats in proteins affect function remains unclear. Sequence analysis has not provided clear evidence for their functional importance (Treier, Pfeifle, and Tautz 1989; Green and Wang 1994; Karlin and Burge 1996; Michalakis and Veuille 1996; Tautz and Nigro 1998; Schmid and Tautz 1999) , but biochemical studies have indicated effects on protein-protein interactions (Kazemi-Esfarjani, Trifiro, and Pinsky 1995; Lanz et al. 1995; Pinto and Lobe 1996; Schwechheimer, Smith, and Bevan 1998) . Our data may explain this apparent discrepancy, as they suggest that polyglutamine repeats may be neutral in some proteins and not in others and that rapidly evolving repeats are more nearly neutral than conserved repeats. Searches for a functional role for polyglutamine repeats in proteins should therefore focus on proteins, such as those in our group B, that show conservation of Gln repeats over long periods of evolutionary time.
In conclusion, we suggest that the following interplay of forces influences the emergence of polyglutamine repeats. Glutamine repeats emerge preferentially in a sequence environment biased toward an overrepresentation of Gln codons (and possibly also related codons such as CCG). These concentrations occur in a class of proteins enriched in these codons by selection for a high content of Gln (as well as Pro, His, and Ser). Repeats emerge in regions of proteins that are subject to lower-than-average levels of purifying selection (Nishizawa, Nishizawa, and Kim 1999) , as indicated by their nonsynonymous divergence rate, although the whole proteins are not subject to atypically low levels of purifying selection. We therefore propose that emerging repeats evolve as essentially neutral structures. As such, we would expect them to be gained or lost in a manner that reflects the underlying dynamics of the mutational process, thought to be predominantly replication slippage. Recent evidence suggests that slippage shows a bias toward expansion for short repeats coupled with shortening of longer repeats (Ellegren 2000; Xu et al. 2000) , which would give rise to net expansion of new repeats. However, changes in the strength of purifying selection acting on the region of the protein containing the repeat may result in the repeat ceasing to be a neutral structure and becoming fixed in length, as appears to have happened in the proteins in our group B, which contain a repeat in both species. Fixation of repeats, or the susceptibility of proteins to incorporation of them, may reflect the general functional class of the protein concerned, as certain classes of proteins in Saccharomyces cerevisiae, notably transcription factors and protein kinases, are significantly enriched in Gln repeats (Albà, Santibáñez-Koref, and Hancock 1999b) . If purifying selection plays an important role in regulating the emergence of CAG repeats in proteins, the recent suggestion that nonsynonymous substitution rates may vary systematically around mammalian genomes (Williams and Hurst 2000) , perhaps reflecting variation in recombination frequency along chromosomes, may have implications for the chromosomal distribution of repeatcontaining proteins.
